Described is the surface coordination chemistry of cyclohexane, 1,3 and 1,4-cyclohexadiene and cyclohexene on the low Miller index planesand a stepped surface of nickel and on the platinum (111) (111) at 20-70°C. A similar behavior was observed for Pt(lll) at -35 to +135°C although a small degree of dehydrogenation was evident on this surface.
In our recent studies of the coordination chemistry of metal surfaces, we have attempted to delineate the electronic and stereochemical features of hydro~arbon surface chemistry that facilitate the breaking or forming of carbon- data f~r a number of metal surfaces. ' Toluene should behave analogously but such a stereochemistry necessarily places methyl group hydrogen atoms close to surface metal atoms--a geometric fea~ure that should facilitate C-H bond breaking;
in fact, aliphatic C-H bonds of chemisorbed toluene are readily and selectively cleaved on Ni(lll) and Ni(l00). 1 In an analogous fashion, a cycloalkene such as cyclohexene should initially chemisorb with the olefinic bond more or less parallel to the surface plane which then, irrespective of the C6 ring conformation, will place some saturated C-H bonds close to the surface metal atoms as schematically shown in 1. Hence, dehydrogenation should be a facile process at least for metal surfaces that are relatively good electron donors. One reaction course that should be favorable for the cycloalkene dehydrogenation on atomically flat metal surfaces would be the generation of a delocalized ~-CoHn species bound to the surface--with the carbon atoms largely lying in a plane parallel to the surface plane at least where n is relatively small •. We are in the process of characterizing the surface chemistry of cycloalkanes, cycloalkenes and cycloalkadienes in the range of n=3 to n=8. Here we present the chemistry .of the C6 ring compounds for nickel and platinum surfaces. Trimethylphosphine was prepared and purified a~ described earlier.
1
The purity of these reagents was checked by mass spectrometry and gas chromatography.
All experiments were performed in an all-metal bakeable ultra high vacuum system with a base pressure of Io-10 torr. molecules.
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These experiments estabiish for the platinum system a significant difference between the atomically flat (111) and stepped 6(lll)x(lll) surface in the dehydrogenation of cyclohexane. Were the small reactivity of the Pt(lll) surface toward cyclohexane due solely to surface imperfections (steps), then the difference 4.
,-r.
between the flat and stepped surface might be a qualitative one but there are plausible alternative ~explanations. Since cyclohexane did not react with nickel surfaces, 11 C::
one might be tempted to conclude these surfaces are less reactivethan their platinum analogs. Such a conclusion
about relative reactivity, i.e., relative rates of cyclohexane carbon-hydrogen bond scission, is not warranted. Residence time for cyclohexane itself., -under ultra high vacuum conditions, is very short for the nickel surfaces with respect to platinum at temperatures of 0 to 20°C. Perhaps cyclohexane bonding, ostensibly through C-H-M f multicenter-bonds, 6 ' 9 is more robust for sur ace platinum than for nickel because for comparable surface topographies, the temperature for thermal desorption is higher for platinum than for nickel .
• eyclohexadiene Both 1,3-and 1,4-cyclohexadiene adsorbed strongly on the three ~w~er index planes of nickel, (111), (110) and (100) to form chemisorbed benzene .ana chemisorbed hydrogen atoms. For all three surfaces, adsorption of either cyclehexadiene isomer followed by a thermal desorption experiment showed .desorption of benzene.. These experiments are summarized in Table I and as reference points I the thermal desorption characteristics of benzene itself on these surfaces also are presented. On all three surfaces, benzene thermal desorption was observed with maximal desorption rates that corresponded closely to those observ£d £or benzene adsorbed on the respective surfaces. However, in the case of the CliO) and (100) surfaces, there was an additional benzene desorption peak derived from the initial cyclohexadiene. For Ni(l00)-£-C 6 H 8 , the additional desorption maximum was at 75-100°C substantially lower than for Ni (100) -c 6 H 6 -wheieas for Ni(ll0)-£-C 6 H 8 , the additional desorption maximum was at ~200°C, approximately 100° higher than that for Ni(ll0)-c 6 H 6 . We also note that Ni(llO)-C (0.2 carbon coverage) was more effective in dehydrogenating cyclohexadiene than was the clean (110) surface: more effective in that more benzene was desorbed and also the desorption maximum shifted to slightly lower temperatures.
The dehydrogenation of cyclohexadiene to benzene occurred at or near room temperature on these three nickel surfaces as established by trimethylphosphine displacement reactions. Thus, adsorption of either 1,3-or 1,4-cyclohexadiene s.
on Ni(lll) and on Ni(lOO) at 20-40°C followed by exposure of the crystal to trimethyl-
.::
phosphine led to the displacement of substantial amounts of benzene (no cyclohexadiene displacement was detected) • Nevertheless, the dehydrogenation re.action was not quantitative at these temperatures as shown by the following specific reaction sequence for Ni(lOO):
The two platinum surfaces, Pt(lll) and Pt 6{lll)x(lll) also effected dehydrogenation of the 1,3-and 1,4-cyclohexadienes to benzene at 0-30°C, although the dehydrogenation was not complete at 0°C. Specific results obtained with these two surfaces with respect to the thermal desorption and chemical displacement reactions are summarized in Table II . As in the nickel surface chemistry, there was no detectable difference in the surface chemistry of the two cyclohexadiene isomers.
In the thermal desorption experiments with 1,3-or 1,4~cyclohexadiene on these two platinum surfaces, the benzene thermal desorption peaks corresponded closely to those for benzene itself (see Table ll Cyclohe.{ene Cyclohexene was converted to benzene on all the nickel and platinum planes.
Results for thermal desorption and for trimethylphosphine displacement reactions based on cyclohexene adsorbed on these surfaces are presented in Table III There was a rate differential in benzene formation on these two platinum surfaces: benzene formation was extensive at 20°C for the stepped surface whereas benzene formation was fast on Pt(lll) only Differences among the various surfaces in their facility in effecting cyclohexane dehydrogenation is evident from inspection of the data in Table III .
Dehydrogenation of adsorbed cyclohexene to adsorbed benzenewasnot detectable at 25°C for either Pt(lll) or Ni(lOO); the r~te of cyclohexene conversion to benzene was high only at temperatures of 100-130°C and ~70°C, respectively.
For Ni(l00)-£-C 6 H 10 , there was no displacement of benzene (or cyclohexene)
at 25°C or at.l00°C; the rate of cyclohexene dehydrogenation on this surface was fast only at temperatures of ~130°C. In contrast, the stepped platinum and nickel surfaces converted cyclohexene to chemisorbed benzene at 25°C based on the observed displacement of benzene by trirnethylphosphine after adsorption of cyclohexene on these surfaces at 25°C.
As observed for the dehydrogenat-ion of cyclohexadiene to benzene, the partially carbided Ni(llO) surface (0.2 carbon monolayer) was far more effective than the clean surface in the dehydrogenation of cyclohexene to benzene although most of the benzene formation occurred above 200°C (Figure 1 ) . These effects may be electronic or topographical (surface); no objective explanation can be reached on the data reported herein. The presence of carbon did not significantly affect the cyclohexene or cyclohexadiene surface chemistry of Ni(lll) or Ni(lOO). Summary 8.
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In the thermal desorption experiments for cyclohexene and for the cyclohexadienes on the various platinum and nickel surfaces, the hydrogen desorption maxima were very similar for the olefin and the diene on a given metal surface (see Tables I-III) .
Probably, chemisorbed cyclohexadiene is an intermediate in the dehydrogenation of r adsorbed cyclohexene to adsorbed benzene. For Ni(lOO) and Pt(lll), the activation energy for cyclohexene conversion to benzene was higher than for cyclohexadiene 14 conversion to benzene. Still higher in activation energy was the cyclohexane dehydrogenation to benzene which was a significant process only on the stepped Our ultra high vacuum studies show platinum; particularly the stepped platinum surface to be more active than all the nickel surfaces for. cyclohexane conversion to benzene .
• Cyclohexane dehydrogenation to 16-18 gaseous benzene has been characterized -19_~ 20 as a structure-insensitive reaction, i.e., a reaction insensitive to the details of the metal surface. Our studies establish that cyclohexane conversion to chemisorbed benzene under ultra 21 high vacuum conditions and low temperatures is structure sensitive --the stepped platinum surface converted cyclohexane to benzene whereas the flat (111) surface ..
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at 20-70°C. Extent of cyclohexane conversion to benzene may be a sensl.tive function of the heating rate with low rates favoring dehydrogenation over desorption.
With benzene coverages of <0.1 monolayer on Pt(lll), no benzene desorption was observed in the thermal desorption experiment 2 -nor was any benzene displaced by trimethylphosphine at these low coverages. 2
We have often observed a greater thermal reversibility in the desorption of hydrocarbons when trimethylphosphine was coadsorbed on the surface.
The conversion of cyclohexadiene to benzene on Pt(lll) has been proposed based on ultra high vacuum studies using work function and low energy ·~electron diffraction data, c .f., Gland, J .L., Baron, K., and Somorj-ai, G.A. ,. In the catalytic dehydrogenation 9f cyclohexane as operated on a commercial basis (Figure 2 ), the rate determining step appears to be benzene desorption, 15 a process that is structure-insensitive. For our ultra high _vacuum studies, the process studied is the conversion of chemisorbed cyclohexane to chemisorbed benzene--a process that is structure-sensitive.
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The apparent low activity for the (lll) surface may have been due to step imperfections on the crystal surface.
- 
.,.
. .
. , . . .
., ; Ni (111) Ni ( 17.
.;
,-_,. 
